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Abstract  

Diode-type gas sensors employing an anodized TiO2 film and noble-metal (Pt, Pd and Pd-Pt) 

sensing electrodes modified with and without a small amount of Au (Au/M/TiO2 and M/TiO2, 

respectively, M = Pt, Pd, Pd-Pt (Pd : Pt = 58 : 42 in weight)) have been fabricated, and the effects 

of surface modification of the electrodes with Au on their H2-sensing properties have been 

investigated at 250°C in both air and N2 under dry and wet atmospheres. H2 response of all the 

M/TiO2 sensors in N2 was much larger than that in air under both dry and wet atmospheres. The 

Pt/TiO2 sensor showed the smallest H2 response in air among them, but the surface modification 

of the Pt electrode with Au was quite effective in enhancing the H2 response of the Pt/TiO2 sensor 

in air. Therefore, the response of the Au/Pt/TiO2 sensor to 8000 ppm H2 in air was comparable 

to that in N2, especially under wet atmosphere, and thus the response of the Au/Pt/TiO2 sensor to 

8000 ppm H2 was almost independent of oxygen concentration under wet atmosphere. In addition, 

the annealing of the sensor at 600°C did not affect the response of the Au/Pt/TiO2 sensor to 8000 

ppm H2. The homogeneous mixing of Au into the Pt electrode also improved the H2 response of 

the Pt/TiO2 sensor, but the effectiveness was much lower than that of the surface modification 

of the Pt electrode with Au. On the other hand, the response of the as-fabricated Au/Pd/TiO2 and 

Au/Pd-Pt/TiO2 sensors to 8000 ppm H2 in air were much larger than that of the Au/Pd/TiO2 and 

Au/Pd-Pt/TiO2 sensors annealed at 600°C, especially under wet atmosphere. The large H2 

response observed with the Au/Pt/TiO2 sensor and the as-fabricated Au/Pd/TiO2 and Au/Pd-

Pt/TiO2 sensors can be explained by large suppression of H2 oxidation by Au components 

remained at the surface of their sensing electrodes and then increased amount of dissociatively-

adsorbed hydrogen species at the sensing electrode surface.  

 

Keywords: diode-type gas sensor; surface modification; gold; platinum; hydrogen 
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1. Introduction 

Numerous efforts have been directed to developing various kinds of highly sensitive and 

selective H2 sensors [1-9], which were indispensable for operating next-generation power-supply 

systems utilizing H2 as an energy source (e.g., fuel cells) as well as various industrial plants 

producing H2 as a by-product (e.g., chlor-alkali electrolysis) safely and effectively. We have 

also demonstrated that sensing properties of various semiconductor-type H2 sensors were 

improved by the strict control of mesopores and/or macropores of gas-sensing materials by 

utilizing self-assembly of surfactants in water [10-12] or polymer microspheres [13, 14] as a 

template as well as the control of sensor structure (especially, optimization of thickness and 

hetero-stacking of the sensing layer) by spin-coating [15-17], dipping [18] or slide-off transfer 

printing [19-21]. However, it is really difficult to operate the semiconductor-type H2 sensors 

under O2-free atmosphere, because the formation of negatively oxygen adsorbates on the oxide 

surface is essential for the reaction with the H2 molecules. On the other hand, our interests have 

also been focused on the developing a diode-type H2 sensor employing an anodized TiO2 film 

and a sensing Pd electrode, because the sensor shows extremely large H2 response even under 

O2-free atmosphere as well as relatively excellent H2 selectivity to other inflammable gases [22-

25]. In addition, we have also reported that a diode-type H2 sensor employing a Nb2O5 film 

fabricated by anodization of a Nb metal, in place of the anodized TiO2 film, also showed the 

attractive H2 response especially at low temperatures [26, 27], and the alloying of Pd with Pt was 

quite effective in improving the H2 response and the long-term stability [28-30]. However, the 

H2 response of the diode-type H2 sensors was very sensitive to a change in oxygen concentration, 

and thus the magnitude of the H2 response drastically increased with a decrease in the oxygen 

concentration. For example, we have reported that the H2 response of these diode-type gas sensors 

in N2 (i.e., ca. 0 vol% O2) was about three orders of magnitude larger than that in air (i.e., 21 vol% 

O2 in N2) [24-26]. Therefore, we have attempted to decrease the large influence from O2 
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concentration on the H2 response by various techniques such as the alloying of Pd with Pt [28-

30], the optimization of operating conditions (injection of moisture into the sample gas and drastic 

reduction in the applied forward bias [27-29]), and the coating of the surface of the noble-metal 

electrodes with various kinds of polymers [31-33]. However, these attempts had only limited 

effectiveness in reducing the influence from the O2 concentration on the H2 response. In this paper, 

therefore, the effects of surface modification of Pt, Pd and Pd-Pt electrodes with Au on the H2 

sensing properties of the diode-type gas sensors employing an anodized TiO2 film have been 

investigated in both air and N2 under dry and wet atmospheres. To confirm the role of Au, the 

effect the homogeneous mixing of Au into the Pt electrode on the H2 sensing properties has also 

been tested.     

  

2. Experimental 

2.1 Fabrication of diode-type gas sensors 

After a Ti plate (5.0 × 10.0 × 0.5 mm3) was heat-treated at 600°C for 1 h in air, the half part 

of the Ti plate was anodized in 0.5 M H2SO4 aqueous solution at 20°C for 30 min at a current 

density of 50 mA cm-2. A pair of noble-metal (Pt or Pd) electrodes was fabricated on the surface 

of both the TiO2 thin film and the Ti plate by radio-frequency (rf) magnetron sputtering 

(Shimadzu, HSR-552S). The mixing of Pd or Au with Pt was also conducted by simultaneous 

deposition utilizing Pd and Pt targets or Pt and Au targets, which were denoted as Pd-Pt or Pt-

nAu, n: the amount of Au (wt%), respectively. The composition of Pd-Pt and Pt-nAu was 

measured by electron dispersive X-ray spectroscopy (EDS, JEOL Ltd., JED-2300) equipped 

with scanning electron microscopy (SEM; JEOL Ltd., JSM-7500F). The ratio of Pd to Pt (Pd : 

Pt) of the Pd-Pt electrode was adjusted to 58 : 42 in weight, while the amount of Au (wt%) 

contained in the Pt electrode, n, of two kinds of Pt-nAu electrodes was 6 (Pt : Au = 94 : 6 in 

weight) or 16 (Pt : Au = 84 : 16 in weight).  
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In some cases, a small amount of Au was additionally deposited on the surface of the Pd, 

Pt, or Pd-Pt electrode by the rf magnetron sputtering. Each condition for the rf magnetron 

sputtering of noble metals is shown in Table 1, together with the thickness of the electrodes 

fabricated. Each electrode was connected with Au lead wire by using a Pt paste, and the 

electrical contact was ensured by firing at 600°C for 1 h in air. The obtained sensors with noble-

metal electrodes modified with and without Au were denoted as Au/M/TiO2 and M/TiO2 (M: 

Pd, Pt, Pd-Pt, or Pt-nAu), respectively. The schematic drawing of the diode-type gas sensor 

obtained is shown in Fig. 1. The change in the chemical state of Au, Pd and Pt of the electrode 

surface was characterized by X-ray photoelectron spectroscopy using Al Kα radiation (XPS, 

Kratos, ACIS-TLATRA DLD), and the binding energy was calibrated using the C 1s level 

(284.5 eV) from usual contamination. 

 

2.2 Measurements of H2-sensing properties 

A dc voltage of 100 mV was applied to the sensor under forward bias condition (M(+)-TiO2-

Ti(-)) and the sensing properties to 8000 ppm H2 balanced with air or N2 under dry or wet 

(absolute humidity (AH): 6.80, 9.40 or 12.8 g m-3) atmospheres were measured at 250°C after 

annealing under the same gaseous condition at 600°C for 1 h. The magnitude of H2 response 

was defined as “Ig − Ib”, where Ig and Ib represented sensor-current values in 3~8000 ppm H2 

balanced with air or N2 (at 10 min after the exposure to H2) and in a base gas (air or N2), 

respectively. 90% response time was defined as a period necessary to reach 90% sensor-current 

value of “Ig − Ib”, while 90% recovery time was defined as that necessary to reach 90% sensor-

current value of “Ib − Ig”. Current (I)-voltage (V) characteristics of the sensors were also 

measured in an applied voltage range of -1.0 ~ +1.0 V in air or N2 containing with and without 

8000 ppm H2 under dry or wet (AH: 6.80, 9.40 or 12.8 g m-3) atmospheres at 250°C, after 

annealing under the same gaseous condition at 600°C for 1 h. 
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3. Results and Discussion 

3.1 H2-sensing properties of M/TiO2 and Au/M/TiO2 sensors (M: Pt, Pd and Pd-Pt) 

annealed at 600°C 

Figure 2 shows I-V characteristics of annealed Pt/TiO2 and Au/Pt/TiO2 sensors in base gases 

(air and N2) and in 8000 ppm H2 balanced with the base gases under dry and the most humidified 

atmospheres (AR: 12.8 g m-3) at 250°C. Both the sensors apparently showed nonlinear I-V 

characteristics under H2-free and dry atmospheres, as shown in Fig. 2(a)(i). This behavior 

indicated that the Schottky barrier was formed at the interface between the electrode and the 

TiO2 film. The forward current of both the sensors in dry air was extremely small even at a 

forward bias of +1.0 V (< 50 μA) due to the too high Schottky barrier, but an extreme reduction 

in oxygen concentration in the base gas (namely, dry N2 atmosphere) drastically increased the 

forward current. The work function of Pt in dry N2 is smaller than that in dry air, because the 

amount of O2 molecules dissociated and then negatively adsorbed onto the Pt surface is small 

in comparison to those in dry air [34, 35]. Therefore, the height of the Schottky barrier at the 

electrode/TiO2 interface in dry N2 is smaller than that in dry air, and thus the amount of electrons 

transferred from TiO2 to the electrode in dry N2 are much larger than that in dry air under a 

forward bias. The surface modification of the Pt electrode with a small amount of Au slightly 

increased the forward current of the Pt/TiO2 sensor in both dry air and N2. This behavior shows 

that the surface modification with Au has little influence on the work function of Pt as well as 

the height of the Schottky barrier at the electrode/TiO2 interface. 

Variations in the I-V characteristics of the Pt/TiO2 and Au/Pt/TiO2 sensors induced by the 

addition of 8000 ppm H2 into the dry atmospheres was largely affected by both the oxygen 

concentration in the sample gas and the surface modification with and without Au of the Pt 

electrode, as shown in Fig. 2(a)(ii). The addition of H2 into dry air slightly increased the forward 
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current of the Pt/TiO2 sensor, while that into dry N2 drastically enhanced both the forward and 

reverse currents and the nonlinearity in the I-V curve almost collapsed, implying a large 

decrease in the height of the Schottky barrier at the electrode/TiO2 interface. The increase in 

the sensor current induced by the H2 addition into the dry atmosphere is due to dissociative 

adsorption of H2 molecules on the Pt electrode, subsequent dissolution of the hydrogen species 

into the Pt electrode and in turn reduction of the Pt work function, leading to a decrease in the 

height of the Schottky barrier at the electrode/TiO2 interface. Especially, the forward current of 

the Pt/TiO2 sensor in dry N2 containing 8000 ppm H2 became larger than that in dry air 

containing 8000 ppm H2 by three orders of magnitude. This indicates negligible consumption 

of H2 at the Pt electrode in dry N2, whereas a certain percentage of H2 is likely consumed by 

the oxidation with oxygen adsorbates on the Pt surface in air. Thus the magnitude of the current 

of the Pt/TiO2 sensor was quite sensitive to changes in the O2 concentration under the 

atmosphere containing H2. On the other hand, the surface modification of the Pt electrode with 

Au dramatically enhanced the forward current by ca. two orders of magnitude in dry air 

containing 8000 ppm H2 with maintaining the nonlinear I-V characteristics. This indicated that 

the modified Au component largely inhibited the oxidation of H2 molecules on the Pt surface 

and thus the amount of dissociatively-adsorbed hydrogen species drastically increased. The 

Schottky barrier at the electrode/TiO2 interface perfectly disappeared in dry N2 containing 8000 

ppm H2, and thus the Au/Pt/TiO2 sensor showed linear I-V characteristics with the large current 

at low voltage (ca. +120 mA even at +300 mV). In addition, the effect of O2 concentration on 

the magnitude of the forward current of the Au/Pt/TiO2 sensor seems to be substantially smaller 

than that of the Pt/TiO2 sensor, since the I-V characteristics of the Au/Pt/TiO2 sensor in both dry 

air and N2 containing 8000 ppm H2 are in almost the same forward-current range.  

The Pt/TiO2 and Au/Pt/TiO2 sensors showed nonlinear I-V characteristics also in most 

humidified air as well as N2 (AH: 12.8 g m-3) as shown in Fig. 2(b)(i). The forward current of 

7 
 



both the sensors in wet N2 was much larger than that in wet air, as was observed with their I-V 

characteristics under dry H2-free atmospheres. In addition, the surface modification of the Pt 

electrode with Au was relatively effective in increasing the forward current under wet H2-free 

atmospheres in comparison with that under dry H2-free atmosphere. Variations in the I-V 

characteristics of the Pt/TiO2 and Au/Pt/TiO2 sensors induced by the H2 addition into wet air 

and N2 (Fig. 2(b)(ii)) were roughly similar to those observed under dry air and N2 atmospheres. 

Namely, 1) the forward current of all the sensors in both wet air and N2 containing 8000 ppm 

H2 was much larger than that in both wet H2-free air and N2, 2) the Au/Pt/TiO2 sensor showed 

linear I-V characteristics in wet N2 containing 8000 ppm H2, and 3) the forward current of the 

Au/Pt/TiO2 sensor was relatively larger than that of the Pt/TiO2 sensor in both air and N2 

containing 8000 ppm H2. However, the addition of H2 into wet air drastically increased the 

reverse current of the Au/Pt/TiO2 sensor and then the magnitude of the reverse current was 

saturated at around -0.03 A. In addition, the forward current of both the sensors in wet air 

containing 8000 ppm H2 was larger than that in dry air containing 8000 ppm H2, probably 

because water molecules inhibited the re-adsorption of O2 molecules (i.e., the production of 

negatively-charged oxygen adsorbates) and thus the amount of dissociatively-adsorbed H2 

molecules relatively increased on the electrode surface. On the other hand, the addition of 

moisture into dry N2 containing 8000 ppm H2 reduced the forward current of both the sensors, 

probably because the adsorbed water molecules directly inhibited the dissociative adsorption 

of H2 molecules. Therefore, the magnitude of the forward current of the Au/Pt/TiO2 sensor in 

wet air containing 8000 ppm H2 was comparable to that in wet N2 containing 8000 ppm H2. 

These results confirm that the Au/Pt/TiO2 sensor shows the H2 response less-dependent on 

oxygen concentration under wet atmosphere.  

Figure 3 shows I-V characteristics of other annealed M/TiO2 and Au/M/TiO2 sensors (M: 

Pd and Pd-Pt) in air and N2 containing 8000 ppm H2 under dry and the most humidified 
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atmospheres (AH: 12.8 g m-3) at 250°C. The I-V characteristics of these sensors under both dry 

and wet H2-free atmospheres are not shown in this paper, but they were all nonlinear and the 

magnitude of the forward current of these sensors was almost comparable to that of the Pt/TiO2 

and Au/Pt/TiO2 sensors under all gaseous atmospheres (see Fig. 2(a)(i) and Fig. 2(b)(i)). The 

forward current of the Pd/TiO2 sensor was larger than that of the Pt/TiO2 sensor under all H2-

containing atmospheres, because the amount of hydrogen solubility into Pd is generally much 

larger than that into Pt and thus the work function of Pd under the H2-containing atmospheres 

is expected to be much smaller than that of Pt. The alloying of Pd with Pt (i.e., Pd-Pt) further 

enhanced the forward current of the Pd/TiO2, especially in dry and wet air containing H2, 

because the mixing of Pt into Pd reduced the coverage of oxygen adsorbates and/or the amount 

of PdO species on the electrode surface and thus promoted the dissociative adsorption of H2 

molecules and subsequent dissolution of the hydrogen species into the electrode, as reported in 

our previous study [30]. Both the Pd/TiO2 and Pd-Pt/TiO2 sensors showed entirely linear I-V 

characteristics and quite large forward current (several hundred mA at +1.0 V) in dry and wet 

N2 containing H2, and the alloying of Pd with Pt was hardly effective in enhancing the 

magnitude of current. The surface modification with Au enhanced the forward current of both 

the Pd/TiO2 and Pd-Pt/TiO2 sensors in dry and wet air containing 8000 ppm H2, whereas the 

forward current of the Au/Pd/TiO2 and Au/Pd-Pt/TiO2 sensors in dry and wet N2 containing 

8000 ppm H2 was almost comparable to that of the Pd/TiO2 and Pd-Pt/TiO2 sensors. These 

results show that the surface modification of the electrodes with Au was not effective enough 

in improving the oxygen dependence of the forward current of both the Pd/TiO2 and Pd-Pt/TiO2 

sensors, in contrast to the case of the Pt/TiO2 sensor. 

Figure 4 shows response transients of the M/TiO2 and Au/M/TiO2 sensors (M: Pt, Pd and 

Pd-Pt, annealed at 600°C) to 8000 ppm H2 in dry air and N2 at 250°C at a forward bias of +100 

mV. The Pt/TiO2 sensor showed extremely low H2 response (ca. 3.5 x 10-6 A) with overshooting 
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behavior and the H2 response of the Pd/TiO2 sensor (ca. 2.6 x 10-5 A) was slightly larger than 

that of the Pt/TiO2 sensor in dry air. In addition, the alloying of Pd with Pt was effective in 

improving the H2 response in dry air (ca. 1.8 x 10-4 A), and thus the Pd-Pt/TiO2 sensor showed 

the largest H2 response in dry air, among all the M/TiO2 sensors, also as reported in our studies 

[28-33]. The H2 response of these sensors in dry N2 was extremely larger than that in dry air, as 

expected from their I-V characteristics (Figs. 2 and 3), and the ratio of the H2 response in N2 to 

that in air (ResN2/Resair) under dry atmosphere was ca. 1.9 x 103, ca. 4.8 x 103 or ca. 3.1 x 102 

for the Pt/TiO2, Pd/TiO2 or Pd-Pt/TiO2 sensor, respectively. These results indicated that the H2 

response of all these sensors largely depended on oxygen concentration, but the alloying of Pd 

with Pt slightly decreased the influence of oxygen concentration on the H2 response and the 

ResN2/Resair of the Pd-Pt/TiO2 sensor was the smallest among them. These effects of electrode 

components on the H2 response were also well-coincident with those on the magnitude of 

forward current of their I-V characteristics (Figs. 2(a)(ii), 3(a)(i) and 3(b)(i)). 

The surface modification of the M electrodes with Au drastically improved the H2 response 

of some sensors, especially in dry air. Namely, the effects of the surface modification with Au 

enhanced were pronounced in the case of the pure Pt and Pt containing (i.e. Pd-Pt electrode) 

electrodes and then the magnitude of the H2 response of the Au/Pt/TiO2 sensor was three orders 

of magnitude larger than that of Pt/TiO2 sensor in dry air. On the other hand, the surface 

modification of the M electrodes with Au was not sufficiently effective in improving the H2 

response of these sensors in dry N2, in contrast to the case observed in dry air. The H2 response 

of the Au/Pt/TiO2 sensor was slightly larger than that of the Pt/TiO2 sensor, while the H2 

response of the Au/Pd/TiO2 and Au/Pd-Pt/TiO2 sensors was slightly smaller than that of the 

Pd/TiO2 and Pd-Pt/TiO2 sensors, respectively, in dry N2. Thus, it was confirmed that the surface 

modification with Au could enhance the H2 response of Pt more effectively than that of Pd in 

dry air, and thus oxygen concentration dependence of the H2 response could be reduced by the 
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surface modification with Au in the case of the pure Pt and Pt containing (i.e. Pd-Pt electrode) 

electrodes. Actually, the ResN2/Resair of the Au/Pt/TiO2 and Au/Pd-Pt/TiO2 sensors (ca. 12 and 

ca. 15, respectively) was much smaller than that of the Au/Pd/TiO2 sensor (2.6 x 102).  

Response properties of the M/TiO2 and Au/M/TiO2 sensors (M: Pt, Pd and Pd-Pt, annealed 

at 600°C) to 8000 ppm H2 in wet air and N2 (AH: 6.8, 9.4 and 12.8 g m-3) at 250°C were also 

measured at a forward bias of +100 mV, and the variations in the response of all the sensors to 

8000 ppm H2 with absolute humidity are summarized in Fig. 5, and the response transients of 

the M/TiO2 and Au/M/TiO2 sensors (M: Pt, Pd and Pd-Pt, annealed at 600°C) to 8000 ppm H2 

at a forward bias of +100 mV in representative wet air and N2 (AH: 12.8 g m-3) at 250°C are 

shown in Fig. 6. The H2 response of these M/TiO2 sensors in air gradually tended to increase 

with an increase in humidity, but the magnitude of H2 response was extremely small even in the 

most humidified air, compared with that of these sensors in wet N2. Among them, the Pt/TiO2 

sensor showed the smallest H2 response under all wet air atmospheres. However, the surface 

modification of the Pt electrode with Au was quite effective in improving the H2 response of 

the Pt/TiO2 sensor in wet air as well as in dry air, and the H2 response of the Au/Pt/TiO2 sensor 

in air also gradually increased with an increase in humidity. The degree of the enhancement in 

the H2 response of the Pt/TiO2 sensor in N2 induced by the surface modification with Au 

gradually decreased with an increase in humidity, and the H2 response of the Au/Pt/TiO2 sensor 

was comparable to that of the Pt/TiO2 sensor in the most humidified N2. Therefore, it was 

confirmed that the Au/Pt/TiO2 sensor showed the excellent H2 response which was scarcely 

dependent on oxygen concentration in wet N2 (ResN2/Resair: ca. 1.0 under the most humidified 

atmosphere) as shown in Figs. 5(a) and 6(a), as predicted also from their I-V characteristics (Fig. 

2(b)(ii)). The oxygen concentration-independent H2 response properties are considered to arise 

from the following reasons: 1) the Au component modified on the Pt electrode largely inhibited 

the oxidation of H2 molecules on the sensing electrode and thus the amount of dissociatively-
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adsorbed hydrogen species which dissolved into the electrode drastically increased in air, 2) the 

amount of the dissociatively-adsorbed hydrogen species on the sensing electrode decreased in 

wet N2 by the adsorption of water molecules, and 3) the amount of oxygen adsorbates as well 

as the ratio of the amount of oxygen adsorbates to the amount of the dissociatively-adsorbed 

hydrogen species decreased with an increase in the humidity in air. On the other hand, the H2 

response of both the Pd/TiO2 and Pd-Pt/TiO2 sensors in wet air could not be enhanced 

effectively by the surface modification with Au. In addition, the H2 response of both the Pd/TiO2 

and Pd-Pt/TiO2 sensors slightly decreased by the surface modification with Au under all wet N2 

atmospheres. Therefore, the ResN2/Resair of both the Au/Pd/TiO2 and Au/Pd-Pt/TiO2 sensors 

under wet atmospheres (ca. 290 and ca. 85 under the most humidified atmosphere, respectively) 

was much larger than that of the Au/Pt/TiO2 sensor. 

The surface modification of the Pt electrode with Au also affected the response and recovery 

behavior. Table 2 shows 90% response and recovery times of the Pt/TiO2 and Au/Pt/TiO2 

sensors in air and N2 under dry and the most humidified (AH: 12.8 g m-3) atmospheres. The 

response and recovery speeds of the Pt/TiO2 sensor in dry and wet air were relatively fast with 

the small H2 response. In addition, the surface modification with Au reduced both the speeds 

with the large H2 response, except for the recovery speed in dry air. The Au components on the 

Pt electrode surface may retard the rate of the reaction of H2 molecules with oxygen adsorbates 

and/or the re-adsorption of O2 molecules on the Pt electrode in air, leading to longer time to 

achieve steady-state conditions. The response and recovery speeds of the Pt/TiO2 sensor in dry 

and wet N2 were seriously slow, but the surface modification of the Pt electrode with Au 

drastically improved only the response speed of the Pt/TiO2 sensor in dry and wet N2. The fact 

may indicate that the surface modification with Au promotes the rate of the dissociative 

adsorption of H2 molecules and/or the dissolution of hydrogen species into the Pt electrode. On 

the other hand, the response and recovery speeds of the Pd/TiO2 and Pd/Pt/TiO2 sensors 

12 
 



remained almost unchanged by the surface modification with Au. 

 

3.2 Effects of the annealing conditions on H2-sensing properties of Au/M/TiO2 sensors (M: 

Pt, Pd and Pd-Pt) 

Since the amount of Au modified on the M electrode was very low, the most Au atoms 

might migrate into the electrode, leading to alloying with Pd and Pt and then changing the 

composition and morphology of the electrode surface during the annealing process. Therefore, 

the H2-sensing properties of the as-fabricated Au/M/TiO2 sensors (M: Pt, Pd or Pd-Pt, only heat-

treated at 250°C (operating temperature) for 1 h before the sensor measurement) were also 

measured at a forward bias of +100 mV in air and N2 under dry and wet atmospheres at 250°C, 

and the variations in the response to 8000 ppm H2 of the as-fabricated Au/M/TiO2 sensors with 

absolute humidity are summarized in Fig. 7. For the comparative purpose, the data obtained 

with the annealed Au/M/TiO2 sensors was plotted again in the same figure. The as-fabricated 

Au/Pt/TiO2 sensor showed the H2 response nearly identical to the annealed Au/Pt/TiO2 sensor, 

but the H2 response of the as-fabricated Au/Pt/TiO2 sensor is slightly larger than that of the 

annealed Au/Pt/TiO2 sensor in wet N2 and thus the H2 response of the as-fabricated Au/Pt/TiO2 

sensor was slightly dependent on oxygen concentration in wet N2. Small differences in the 

composition and/or morphology of the surface of the Au/Pt electrodes between the as-fabricated 

and annealed Au/Pt/TiO2 sensors may have a little influence on the adsorption state of hydrogen 

and/or oxygen adsorbates as well as water molecules in wet N2. Surprisingly, the H2 response 

of both the as-fabricated Au/Pd/TiO2 and Au/Pd-Pt/TiO2 sensors in air was much larger than 

that of the annealed Au/Pd/TiO2 and Au/Pd-Pt/TiO2 sensors in air, especially under wet 

atmosphere, and the magnitude of their H2 response was quite comparable to that of the 

Au/Pt/TiO2 sensor. Thus, the H2 response of the as-fabricated Au/Pd/TiO2 and Au/Pd-Pt/TiO2 

sensors was also nearly independent of oxygen concentration under wet atmosphere 
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(ResN2/Resair of the as-fabricated Au/Pd/TiO2 and Au/Pd-Pt/TiO2 sensors under the most 

humidified atmosphere: ca. 3.8 and ca. 3.1, respectively)), as is the case with that of the 

Au/Pt/TiO2 sensor. It is considered that the electrode surface of the as-fabricated Au/Pd/TiO2 

and Au/Pd-Pt/TiO2 sensors was modified effectively with a small amount of Au, because they 

were not annealed at elevated temperatures. Therefore, the oxidation of H2 with oxygen 

adsorbates largely limited on the Au-modified electrode surface and thus the amount of the 

dissociatively-adsorbed hydrogen species increased on the electrode surface, in comparison 

with Au-unmodified Pd and Pd-Pt electrodes. These are considered to be the possible reasons 

for large H2 response in wet air observed for the as-fabricated Au/Pd/TiO2 and Au/Pd-Pt/TiO2 

sensors. 

 

3.3 Analysis of chemical states and depth profiles of Au/Pt and Au/Pd electrodes by XPS 

All results obtained in sections 3.1 and 3.2 demonstrated that the effects of the surface 

modification of the electrodes with Au on the H2-sensing properties are largely dependent on 

the difference of the main electrode composition (Pt or Pd). Therefore, the chemical states and 

depth profiles of the electrode materials (Au, Pt and Pd) of both Au/Pt/TiO2 and Au/Pd/TiO2 

sensors as a representative were analyzed by XPS. Figures 8 and 9 show XPS spectra of Au and 

Pt, respectively, on the surface and in the bulk of the electrodes of the Au/Pt/TiO2 sensors (i) 

as-fabricated, (ii) annealed at 600°C for 1 h in dry air and (iii) annealed at 600°C for 1 h in dry 

air, followed by at 600°C for 1 h in dry N2. In addition, Fig. 10 shows XPS depth profiles of Au 

and Pt in the electrodes of these Au/Pt/TiO2 sensors. Most of the Au and Pt on the surface of all 

the Au/Pt electrodes existed as a metal, irrespective of the different heat-treatment conditions, 

by referring to the binding energy reported in the literature [36]. However, the Au spectra on 

the electrode surface of the as-fabricated Au/Pt electrode shifted to lower binding energy (ca. 

0.3 eV) and the intensity of the Au spectra largely reduced after annealing at 600°C. In addition, 
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the Au spectra of the as-fabricated Au/Pt electrode also shifted to lower binding energy with an 

increase in the etching depth, while that of other two Au/Pt electrodes annealed tended to 

slightly shift to higher binding energy with an increase in the etching depth. Bastl et al. reported 

that the XPS spectra of Au 4f7/2 of Au deposited on a Pt foil shifted to lower binding energy 

with a decrease in the Au coverage on the Pt surface (e.g., -0.78 eV for 0.01 monolayer-Au on 

Pt, -0.35 eV for 1 monolayer-Au on Pt) and more than 5 monolayer-stacking of Au atoms on 

the Pt surface was required to achieve the binding energy of Au bulk [37]. Berg et al. also 

demonstrated that the Au bulk showed the highest binding energy and isolated Au atoms 

showed a lower binding energy (ca. -0.3 eV for Au atoms deposited on Au surface (3 

monolayer-stacked Au islands on Pt), -0.5 eV for Au atoms at the Au/Pt interface (1 monolayer-

Au islands on Pt)) [38]. Considering the results of these previous studies, the XPS spectra of 

Au shown in Fig. 8 indicate that several ~ several tens of Au monolayers with bulk-like 

characteristics as a film or an island existed on the Pt surface and cluster-sized Au aggregates 

in the Pt bulk for the as-fabricated Au/Pt electrode. In addition, the size of Au aggregates is 

suggested to decrease with an increase in distance from the surface to the bulk. Both for the 

annealed two electrodes, however, highly-dispersed and/or 1~3 monolayer-stacked Au islands 

were suggested to exist even on the electrode surface. On the other hand, the Pt binding energy 

of the Au/Pt/TiO2 electrode remained almost unchanged from the electrode surface to the balk, 

even after the annealing at elevated temperature. The asymmetric tail on the higher binding 

energy side of the Pt spectra of all the Au/Pt/TiO2 electrodes is probably due to a shake-up 

effect, and the shape of all the asymmetric Pt spectra was independent of the annealing 

conditions as well as the depth from the surface of the electrode. Thus, no platinum oxide such 

as PtO was formed on the surface as well as bulk of the electrode. In addition, the ratio (RAu) of 

Au to the total noble metals (Au+Pt) was ca. 30 at% even on the surface of the as-fabricated 

Au/Pt electrode, and it was smaller than the ratio (RPt) of Pt to the total noble metals on the 
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surface, ca. 70 at%. The RAu drastically reduced within ca. 20 nm from the surface, and it mildly 

decreased with a further increase in the distance from the surface. The depth profile indicates 

that a small amount of Au apparently existed in the bulk of the electrode even though Au was 

merely sputtered on the surface of the Pt electrode. The reason for this result is not clear, but 

the Au sputtered on the Pt electrode, which was formed on the anodized TiO2 film with quite 

large surface roughness [22-24, 28, 30] may migrate into the Pt electrode by heat of argon 

plasma in the rf magnetron sputtering. A similar tendency was confirmed also in the XPS depth 

profiles of the annealed Au/Pt electrodes, while the RAu on the surface of both the Au/Pt 

electrodes annealed at 600°C was smaller than that of the as-fabricated Au/Pt electrode. It is 

considered that the small amount of Au components remained on the surface of the Au/Pt 

electrode even after the annealing at 600°C could play an important role in both limiting the 

oxidation of H2 molecules on the electrode surface and increasing the dissociatively-adsorbed 

hydrogen species, and thus enhancing the H2 response in air drastically, as discussed in sections 

3.1 and 3.2.  

On the other hand, the chemical states and depth profiles of Au and Pd of the Au/Pd 

electrode was largely different from those of the Au/Pt electrode after annealing at 600°C. 

Figures 11 and 12 show XPS spectra of Au and Pd, respectively, on the surface and in the bulk 

of the electrodes of the Au/Pd/TiO2 sensors (i) as-fabricated, (ii) annealed at 250°C for 1 h in 

dry air, (iii) annealed at 600°C for 1 h in dry air and (iv) annealed at 600°C for 1 h in dry air, 

followed by at 600°C for 1 h in dry N2. Figure 13 shows the XPS depth profiles of Au and Pt 

in the electrodes of these Au/Pd/TiO2 sensors. Most of Au on the surface of all the Au/Pd 

electrodes was also metal. The binding energy of Au in the bulk of the as-fabricated electrode 

and the observable Au spectra on the surface as well as in the bulk of the annealed electrodes 

was also smaller than that on the surface of the as-fabricated electrode, as is the case with the 

Au/Pt electrodes. In addition, the XPS depth profiles of Au in the Au/Pd electrodes as-fabricated 
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and annealed at 250°C for 1 h in dry air were approximately similar to those in the Au/Pt 

electrodes as-fabricated and annealed at 600°C. Thus it was confirmed that a certain amount of 

Au remained on the surface of the Au/Pd electrode after annealing at 250°C. This may be a 

reason for the large H2 response of the as-fabricated Au/Pd/TiO2 sensor in air at 250°C, which 

was comparable to that of the Au/Pt/TiO2 sensors as-fabricated and annealed at 600°C, as shown 

in Fig. 7. On the other hand, the Pd spectra of the Au/Pd electrodes as-fabricated and annealed 

at 250°C indicated that most of Pd in these Au/Pd electrodes existed as a metal but the a small 

amount of Pd on the surface and at the subsurface (etching depth: 3.2 nm) of the Au/Pd electrode 

might be oxidized to PdO because of slight increases in both the intensity of the asymmetric 

tail on the higher binding energy side and the half width of the Pd spectra. However, the 

annealing at 600°C in dry air perfectly oxidized the Pd to produce PdO on the electrode surface 

and the oxidation of Pd partly proceeded even in the bulk of the electrode, while Au on the 

electrode surface completely disappeared and the amount of Au slightly increased with an 

increase in the distance from the surface. In addition, the PdO was mostly reduced to Pd metal 

and a fraction of Au was observed on the surface as well as at every depth spot of the electrode, 

by the post annealing at 600°C in dry N2 (Figs. 11(d) and 12(d)). Our previous study have 

demonstrated that submicron-sized Pd metal agglomerates were formed after annealing of a Pd 

film at 600°C in dry N2 [28]. Therefore, the formation of large voids among such Pd metal 

agglomerates may enable us to obtain the XPS signal from Au in the electrode bulk without 

etching by Ar+ sputtering. And therefore, this may the reason for the appearance of small and 

depth-independent Au spectra, as shown in Figs. 11(d) and 13(d). From these results, the 

considerably smaller H2 response in air of the Au/Pd/TiO2 sensor annealed at 600°C (see Figs. 

4(b)(i), 5(b) and 6(b)(i)) than those of the as-fabricated Au/Pd/TiO2 sensor as well as the as-

fabricated and annealed Au/Pt/TiO2 sensors can be explained by the following scenario: H2 

molecules are likely consumed at the outer surface of the Au/Pd electrode annealed at 600°C 
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by the reduction of PdO to Pd and then high catalytic activity of Pd itself due to disappearance 

of Au on the electrode surface and therefore the amount of dissolved hydrogen species into the 

electrode is expected to be reduced.  

 

3.4 Effects of homogeneous mixing of Au into the Pt electrode on H2-sensing properties of 

the Pt/TiO2 sensor 

Two kinds of Pt-nAu/TiO2 sensors (n: 6 or 16) were fabricated by utilizing simultaneous rf 

magnetron sputtering utilizing both Pt and Au targets, and their H2-sensing properties after 

annealing at 600°C were measured at a forward bias of +100 mV in air and N2 under dry and 

wet atmospheres at 250°C, to investigate the effects of Au addition into the bulk of the Pt 

electrode on the H2-sensing properties. The variations in the response to 8000 ppm H2 of the 

Pt-nAu/TiO2 sensors (n: 6 or 16) with absolute humidity are summarized in Fig. 14.  For 

comparative purpose, the data obtained with the Pt/TiO2 sensor after annealing at 600°C is also 

plotted in the same figure. The addition of 6 wt% Au into the Pt electrode enhanced the H2 

response of the Pt/TiO2 sensor under both air and N2, but, the H2 response of the Pt-6Au/TiO2 

sensor became lager than that of Pt/TiO2 sensor, especially under air, and thus the ResN2/Resair 

of the Pt-6Au/TiO2 sensor became smaller than that of the Pt/TiO2 sensor. In addition, the H2 

response of the Pt-6Au/TiO2 sensor in N2 was comparable to that of the Pt/Au/TiO2 sensor (see 

Fig. 5(a)). However, the H2 response of the Pt-6Au/TiO2 sensor in air was smaller than that of 

the Au/Pt/TiO2 sensor, indicating that the amount of Pt on the electrode surface of the Pt-

6Au/TiO2 sensor was larger than that on the electrode surface of the Au/Pt/TiO2 sensor, due to 

the simultaneous deposition of both Au and Pt, and thus the oxidation of H2 molecules easily 

proceeded on the Pt-6Au electrode in comparison with the Au/Pt electrode. Therefore, the 

effectiveness of the addition of Au to both the surface and bulk of the Pt electrode by the 

simultaneous sputtering was quite low in comparison with that of the surface modification of a 
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Pt electrode with a small amount of Au. The further increase in the amount of Au addition into 

the Pt electrode reduced the H2 response of the Pt/TiO2 sensor under all gaseous conditions in 

both air and N2 under dry and wet atmospheres, and the Pt-16Au/TiO2 sensor showed the large 

value of ResN2/Resair (ca. 4.2 x 103 under the most humidified atmosphere), probably because 

the amount of both dissociative adsorption of H2 molecules and dissolution of the hydrogen 

species into the electrode drastically reduced by too large amount of Au addition to the surface 

and the bulk of the Pt electrode. These results strongly supported that the surface modification 

of the Pt electrode with Au was quite effective in improving the H2 response of the Pt/TiO2 

sensor, again. 

 

3.5 Concentration dependence of H2 response of the Au/Pt/TiO2 sensor 

Variations in H2 response of the Au/Pt/TiO2 sensor annealed at 600°C with H2 concentration 

in air and N2 under dry and wet (AH: 12.8 g m-3) atmospheres and representative two response 

transients to H2 are shown in Fig. 15. The magnitude of response to high-concentrated (8000 

ppm) H2 was less-dependent on the oxygen concentration, especially under wet atmosphere, 

also as shown in Figs. 4~6. This sensor showed extremely large H2 response (over 10 mA, for 

more than 20 ppm H2) in the all H2 concentration range tested under both dry and wet N2 

atmospheres, and the addition of moisture decreased the H2 response in the H2 concentration 

range less than 10 ppm. However, the response value to 3 ppm H2 in wet N2 was relatively very 

large with maintaining the excellent signal to noise (S/N) ratio, as shown in Fig. 15(b). On the 

other hand, the H2 response in dry air steeply decreased with a decrease in the H2 concentration, 

while the H2 response was improved in wet air, especially in the H2 concentration range higher 

than 350 ppm. The lower limit for the H2 detection under both dry and wet air atmospheres was 

ca. 20 ppm and it was much insensitive compared with that under both dry and wet N2 

atmospheres, and the S/N ratio of the response to low-concentrated H2 was quite low, as shown 
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in Fig. 15(b). Therefore, oxygen concentration dependence of the H2 response (i.e., ResN2/Resair) 

increased with a decrease in the concentration of H2 in a sample gas, because the ratio of the 

amount of H2 to be oxidized on the electrode to the initial concentration of H2 in air increased 

with a decrease in the initial concentration of H2.  

However, the effect of oxygen concentration on the H2 response properties was tested only 

at two points, i.e. 0% and 21% in volume, in the present study. Therefore, much more 

investigations on both the H2-sensing properties of the Au/Pt/TiO2 sensor at various oxygen 

concentrations between 0~21% in volume and the H2-oxidation activity over the Au/Pt 

electrode are presently required to understand the effects of the oxygen concentration on the 

sensing mechanism accurately. 

 

4. Conclusions 

Effects of surface modification of noble-metal (M: Pt, Pd, or Pd-Pt) electrodes with Au on the 

H2-sensing properties of M/TiO2 sensors mainly have been investigated at 250°C in air and N2 

under dry and wet atmospheres. H2 response of all the M/TiO2 sensors in N2 was much larger 

than that in air. The Pt/TiO2 sensor showed the smallest H2 response in air among all the M/TiO2 

sensors tested, but the surface modification of the sensing electrode with Au was quite effective 

in enhancing the H2 response of the Pt/TiO2 sensor especially in wet air and then the Au/Pt/TiO2 

sensor showed the largest H2 response among all the Au/M/TiO2 sensors annealed at 600°C. Thus, 

the H2 response of the Au/Pt/TiO2 sensor in wet air was comparable to that in wet N2. In addition, 

the similar effect of the surface modification with Au was confirmed also for H2 response of all 

the as-fabricated Au/M/TiO2 sensors, but the homogeneous mixing of Au into the Pt electrode 

was not effective in improving the H2 response of the Pt/TiO2 sensor, when it is compared with 

case of the surface modification of the Pt electrode with Au. The XPS results indicated that a 

certain amount of Au components remained on the electrode surface of the annealed Au/Pt/TiO2 
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sensors and all the as-fabricated Au/M/TiO2 sensors limited the oxidation of H2 molecules and 

increased the dissociatively-adsorbed hydrogen species on the electrode surface, and thus 

enhanced the H2 response in air drastically.  
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Figure Captions 

Fig. 1. (a) Top and (b) cross-sectional schematic drawings of a diode-type gas sensor. 

Fig. 2. I-V characteristics of annealed Pt/TiO2 and Au/Pt/TiO2 sensors in base gases (air and 

N2) and in 8000 ppm H2 balanced with the base gases under dry and the most 

humidified atmospheres (AR: 12.8 g m-3) at 250°C. 

Fig. 3. I-V characteristics of M/TiO2 and Au/M/TiO2 sensors (M: Pt, Pd and Pd-Pt, annealed 

at 600°C) in air and N2 containing 8000 ppm H2 under dry and the most humidified 

atmospheres (AR: 12.8 g m-3) at 250°C. 

Fig. 4. Response transients of M/TiO2 and Au/M/TiO2 sensors (M: Pt, Pd and Pd-Pt, annealed 

at 600°C) to 8000 ppm H2 at a forward bias of +100 mV in dry air and N2 at 250°C. 

Fig. 5.  Variations in the response to 8000 ppm H2 of M/TiO2 and Au/M/TiO2 sensors (M: Pt, 

Pd and Pd-Pt, annealed at 600°C) with absolute humidity at 250°C. 

Fig. 6. Response transients of the M/TiO2 and Au/M/TiO2 sensors (M: Pt, Pd and Pd-Pt, 

annealed at 600°C) to 8000 ppm H2 at a forward bias of +100 mV in wet air and N2 

(AH: 12.8 g m-3) at 250°C. 

Fig. 7. Variations in the response to 8000 ppm H2 of as-fabricated Au/M/TiO2 sensors (M: Pt, 

Pd and Pd-Pt, just heat-treated at 250°C (operating temperature) for 1 h before the 

sensor measurement) with absolute humidity at 250°C, together with those of the 

Au/M/TiO2 sensors annealed at 600°C. 

Fig. 8. XPS spectra of Au on the surface and in the bulk of the electrodes of the Au/Pt/TiO2 

sensors (i) as-fabricated, (ii) annealed at 600°C for 1 h in dry air and (iii) annealed at 

600°C for 1 h in dry air, followed by at 600°C for 1 h in dry N2. 

Fig. 9. XPS spectra of Pt on the surface and in the bulk of the electrodes of the Au/Pt/TiO2 

sensors (i) as-fabricated, (ii) annealed at 600°C for 1 h in dry air and (iii) annealed at 

600°C for 1 h in dry air, followed by at 600°C for 1 h in dry N2.  
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Fig. 10. XPS depth profiles of Au and Pt in the electrodes of the Au/Pt/TiO2 sensors (i) as-

fabricated, (ii) annealed at 600°C for 1 h in dry air and (iii) annealed at 600°C for 1 h 

in dry air, followed by at 600°C for 1 h in dry N2. 

Fig. 11. XPS spectra of Au on the surface and in the bulk of the electrodes of Au/Pd/TiO2 

sensors (i) as-fabricated, (ii) annealed at 250°C for 1 h in dry air, (iii) annealed at 

600°C for 1 h in dry air and (iv) annealed at 600°C for 1 h in dry air, followed by at 

600°C for 1 h in dry N2. 

Fig. 12. XPS spectra of Pd on the surface and in the bulk of the electrodes of Au/Pd/TiO2 

sensors (i) as-fabricated, (ii) annealed at 250°C for 1 h in dry air, (iii) annealed at 

600°C for 1 h in dry air and (iv) annealed at 600°C for 1 h in dry air, followed by at 

600°C for 1 h in dry N2. 

Fig. 13. XPS depth profiles of Au and Pd in the electrodes of Au/Pt/TiO2 sensors (i) as-

fabricated, (ii) annealed at 250°C for 1 h in dry air, (iii) annealed at 600°C for 1 h in 

dry air and (iv) annealed at 600°C for 1 h in dry air, followed by at 600°C for 1 h in 

dry N2.  

Fig. 14. Variations in the response to 8000 ppm H2 of the Pt-nAu/TiO2 sensors (n: 6 or 16) 

with absolute humidity, together with that of the Pt/TiO2 sensor annealed at 600°C. 

Fig. 15. (a) Variations in H2 response of the Au/Pt/TiO2 sensor annealed at 600°C with H2 

concentration in air and N2 under dry and wet (AH: 12.8 g m-3) atmospheres and (b) 

representative two response transients to H2. 
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Table 1.   Sputtering conditions and thickness of electrodes of all sensors. 

Sensor Power to target / W  (Time / s) Thickness of electrode / nm Pd Pt Au 
Pd/TiO2 300 (1080)  - 287 
Pt/TiO2 - 300 (480) - 78 

Pd-Pt/TiO2 300 (180) 200 (180) - 177 
Au/Pd/TiO2 300 (300) - 40 (10) 111 
Au/Pt/TiO2 - 300 (360) 40 (10) 84 

Au/Pd-Pt/TiO2 300 (180) 200 (180) 40 (10) 79 
Pt-6Au/TiO2 250 (300) - 40 (300) 138 

Pt-16Au/TiO2 200 (600) - 80 (300) 310 
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Table 2.   90% response and recovery times of Pt/TiO2 and Au/Pt/TiO2 sensors in air 
and N2 under dry and the most humidified (AH: 12.8 g m-3) atmospheres. 

Sensor 
90% response time / min  90% recovery time / min 

Dry  Wet Dry  Wet 
Air N2 Air N2  Air N2 Air N2 

Pt/TiO2 0.42 5.58 0.68 7.19  1.29 2.28 1.03 2.12 

Au/Pt/TiO2 1.42 0.46 1.58 1.05  0.68 2.92 2.22 3.97 
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